Essentials
• Thrombopoietin (TPO) lowers the threshold for platelet activation.
• TPO receptor agonists (RAs) may therefore also lead to platelet activation.
• Patients with chronic liver disease and thrombocytopenia participated in a randomized trial.
• The TPO-RA avatrombopag did not increase platelet activation in vivo or reactivity in vitro.
Background: The thrombopoietin (TPO) receptor agonist (TPO-RA) avatrombopag has recently been Food and Drug Administration-approved for the treatment of thrombocytopenia in patients with chronic liver disease (CLD) scheduled for a procedure. The TPO receptor c-mpl is expressed on the platelet surface, and TPO lowers the threshold for platelet activation. TPO-RAs may therefore also lead to platelet activation. Objectives: To evaluate the effects of avatrombopag on platelet activation. Patients/Methods: CLD patients with thrombocytopenia participated in a randomized, double-blind, placebo-controlled, parallel-group study. No patient received a platelet transfusion within 10 days of study blood draws. Platelet activation was evaluated with whole blood flow cytometry (which, unlike other methods, is accurate in thrombocytopenic samples). Results: Avatrombopag, but not placebo, increased platelet counts. As measured by platelet surface P-selectin and activated
Introduction
The thrombopoietin (TPO) receptor c-mpl is expressed on the surfaces of megakaryocytes and platelets [1] . In addition to increasing megakaryocyte growth and maturation, TPO lowers the threshold for platelet activation in vitro and in vivo [2] [3] [4] [5] . TPO receptor agonists (TPO-RAs) may therefore also lead to platelet activation, perhaps to different extents, because TPO-RAs have different binding sites on c-mpl [6] . The Food and Drug Administration (FDA)-approved TPO-RA romiplostim is a TPO peptide mimetic, consisting of four identical 14-amino acid peptides (IEGPTLRQWLAARA) with no sequence homology with TPO, which avidly binds c-mpl and is inserted into a dimerized immunoglobulin Fc domain at a site close to that of TPO [6] . In contrast, the FDA-approved TPO-RA eltrombopag and the novel, recently FDAapproved TPO-RA avatrombopag are TPO non-peptide mimetics that bind to c-mpl near the transmembrane region at sites different from TPO [6] [7] [8] [9] [10] . However, eltrombopag and avatrombopag could induce differing degrees of conformational change in the receptor-ligand complex, downstream signaling, and platelet activation. We previously demonstrated that eltrombopag, unlike TPO [2] [3] [4] [5] , does not lower the threshold for platelet activation in vivo or platelet reactivity in vitro, at least in patients with immune thrombocytopenia [11] . The objective of this study was therefore to evaluate the effects of avatrombopag, a novel orally administered small-molecule TPO-RA, on platelet activation in vivo and in vitro. To accomplish this objective, we evaluated the effects of avatrombopag on platelet activation as part of two phase 3 randomized, double-blind, placebo-controlled, parallel-group studies of the efficacy and safety of avatrombopag for the treatment of adults with thrombocytopenia associated with chronic liver disease (CLD). Platelet activation was evaluated with whole blood flow cytometry, which, unlike other methods, evaluates activation on individual platelets, and was therefore the optimal method for these thrombocytopenic samples [12] . The activation endpoints were platelet surface P-selectin (a marker of a-granule degranulation) [13] , platelet surface activated glycoprotein (GP) IIb-IIIa (also known as integrin a IIb b 3 ) (as detected by the use of mAb PAC1, a marker of the activation-dependent conformational change in GPIIb-IIIa) [14] , and the generation of platelet-derived microparticles [15] .
Methods
Adult patients with thrombocytopenia associated with CLD who were enrolled at US sites in the phase 3 ADAPT1 (NC 01972529) and ADAPT2 (NCT01976104) studies (randomized, global, double-blind, placebo-controlled, parallel-group studies to evaluate the efficacy and safety of once-daily oral avatrombopag for the treatment of adults with thrombocytopenia associated with liver disease prior to an elective procedure) [16] provided Institutional Review Board-approved written informed consent to participate in a substudy to evaluate the effects of avatrombopag on platelet function. Patients (n = 30) were randomized in a 1 : 2 ratio (placebo/avatrombopag) to receive treatment on days 1-5 with placebo or avatrombopag (Dova Pharmaceuticals, Durham, NC, USA): 60 mg daily in patients with baseline platelet counts of < 40 9 10 9 L À1 , and 40 mg daily in patients with baseline platelet counts of 40 to ≤ 50 9 10 9 L À1 . Samples were collected at baseline (day 0, predrug) and after treatment (day 4 and day 10). No patient received a platelet transfusion within the 10 days prior to these blood draws.
Patients had a Model for End-stage Liver Disease score of ≤ 24, and did not have hepatic encephalopathy that could be effectively treated. Platelet activation was evaluated with whole blood flow cytometry, as previously described [11] . Briefly, citrateanticoagulated whole blood was incubated (15 min, room temperature) with an antibody cocktail containing fluorescein isothiocyanate-conjugated PAC1, phycoerythrin (PE)-conjugated anti-P-selectin, and PE-Cy5-conjugated anti-CD42b with or without 0.5 lM or 20 lM ADP or 1.5 lM or 20 lM thrombin receptor-activating peptide (TRAP). Samples were fixed with 1% formaldehyde, and then shipped cold together with the remaining blood sample for analysis of platelet-derived microparticles to the Center for Platelet Research Studies at Boston Children's Hospital. As previously described [15] , platelet-derived microparticles were identified by light-scattering properties and positive staining for CD41 and CD42b. Changes from baseline for drug-treated (60-mg and 40-mg avatrombopag cohorts combined) and placebo-treated patients were compared by use of a repeated measures (visits) mixed-effects ANOVA model with factors for subject and treatment. Contrast statements were included to compare treatments and to compare the change from baseline by treatment. A P-value of < 0.05 was considered to be significant. Data analyses were performed with SAS version 9.3 and GRAPHPAD PRISM version 5. The data were analyzed by A.L.F. and A.D.M. All authors had access to the primary clinical trial data.
Results and Discussion
Treatment with avatrombopag, both 60 mg daily and 40 mg daily, but not placebo, resulted in an approximately two-fold increase in platelet counts on day 10 ( Fig. 1) . The numbers of circulating activated platelets (reflecting platelet activation in vivo) were not increased in avatrombopag-treated patients as compared with placebo-treated patients on day 4 or day 10, as measured according to platelet surface P-selectin and platelet surface activated GPIIb-IIIa (Fig. 2, No agonist) . As expected, in vitro activation with both low and high concentrations of ADP or TRAP resulted in increased platelet surface P-selectin and platelet surface activated GPIIb-IIIa in placebo-treated patients (Fig. 2) . Platelet reactivity on day 4 or day 10, as measured according to platelet surface P-selectin and platelet surface activated GPIIb-IIIa after activation with low and high concentrations of ADP or TRAP, was not further increased in avatrombopag-treated patients as compared with placebotreated patients (Fig. 2) . Although there were statistically significant reductions in platelet surface P-selectin on day 4 and platelet surface activated GPIIb-IIIa on day 10 in response to 20 lM ADP (Fig. 2) , these reductions were quantitatively small, and would not be expected to result in a clinically significant reduction in platelet function. Similar results were obtained irrespective of whether percentage positive or mean fluorescence intensity was used as the readout for platelet surface P-selectin and platelet surface activated GPIIb-IIIa. Similarly, the change from baseline on day 4 in the number of platelet-derived microparticles in avatrombopag-treated patients (235 lL À1 , 95% confidence interval [CI] À 93 to 564) was not significantly different from the change from baseline in placebo-treated patients (À 35 lL
À1
, 95% CI À 474 to 404) (P = 0.32), and nor was there a significant change from baseline on day 10 in the number of plateletderived microparticles in avatrombopag-treated patients (165 lL À1 , 95% CI À 84 to 415) as compared with placebo-treated patients (33 lL À1 , 95% CI À 301 to 368) (P = 0.52). These data also address the functionality of platelets released from the bone marrow by avatrombopag. Despite the nearly two-fold increase in platelet counts in the avatrombopag-treated patients as compared with Samples were collected at baseline (day 0, predrug) and after treatment (day 4 and day 10). Results shown are for both doses of avatrombopag. Data are mean AE standard error of the mean. Changes from baseline for drug-treated (60-mg and 40-mg avatrombopag cohorts combined, n = 20) and for placebo-treated patients (n = 10) were compared by use of a mixed-effects model with P < 0.05 being considered to be significant. [Color figure can be viewed at wileyonlinelibrary.com] placebo-treated patients on day 10 ( Fig. 1) , avatrombopag-treated patients and placebo-treated patients showed similar magnitudes of increase in surface P-selectin and surface activated GPIIb-IIIa on individual platelets in response to both low and high concentrations of ADP and TRAP (Fig. 2) . These data provide evidence that the newly released platelets in avatrombopag-treated patients function normally. As reported elsewhere [16] , both the ADAPT1 and ADAPT2 phase 3 studies demonstrated the superiority of avatrombopag over placebo in increasing the proportion of thrombocytopenic CLD patients not requiring a platelet transfusion or any rescue procedure for bleeding. Consistent with the lack of avatrombopag-induced platelet activation demonstrated in the present substudy of these ADAPT1 and ADAPT2 studies, only one thrombotic treatment-emergent adverse event occurred in the 435 patients enrolled in the ADAPT1 and ADAPT2 studies [16] . This patient was in the avatrombopag 40-mg cohort and had a partial right portal vein thrombosis on day 7 postprocedure, 14 days after the last avatrombopag dose [16] , by which time no circulating platelets would have been exposed to avatrombopag (because normal platelet survival is no more than 10 days [17] ).
There are several limitations of this study. First, because of the relatively small number of subjects (n = 30) in this platelet function substudy of the ADAPT1 and ADAPT2 studies, the degree of platelet activation could not be compared with the incidence of clinical thrombosis. However, as stated above, there was only one thrombotic treatment-emergent adverse event in the entire 435 subjects enrolled in the ADAPT1 and ADAPT2 studies [16] . Second, this study did not compare avatrombopag with other TPO-RAs.
Conclusions
The therapeutic objective of the use of TPO-RAs is to increase platelet counts in thrombocytopenic patients. Because TPO lowers the threshold for platelet activation in vitro and in vivo [2] [3] [4] [5] , TPO-RAs may also lead to platelet activation, perhaps to different extents because TPORAs have different binding sites on c-mpl [6] [7] [8] [9] [10] . However, in this randomized, double-blind, placebo-controlled, parallel-group study of patients with thrombocytopenia caused by CLD, treatment with the novel TPO-RA avatrombopag resulted in increased platelet counts but did not increase either platelet activation in vivo or platelet reactivity in vitro. L. Carmichael collected and analyzed data. All authors granted final approval of the manuscript for submission.
